Acetyltransferases are essential enzymes for a wide variety of cellular processes and mutations in acetyltransferase genes have been associated with the development of certain cancers. For this reason, we conducted a computerized sequence homology search for novel acetyltransferases. Here, we show that the putative tumour suppressor protein Fus-2 has homology to the catalytic domain of acetyltransferases. We demonstrate that Fus-2 can acetylate the N-terminus of proteins using a ping-pong mechanism and that it has a speci®city for substrates. Consistent with other N-acetyltransferases, Fus-2 localizes to the cytoplasm, as shown by GFP-tag experiments. Since the Fus-2 gene maps to the chromosomal region 3p21.3, which contains at least one tumour suppressor gene, the N-acetyltransferase functions of Fus-2 may be relevant to its potential role in cancer.
Acetyltransferases are essential enzymes for a wide variety of cellular processes and mutations in acetyltransferase genes have been associated with the development of certain cancers. For this reason, we conducted a computerized sequence homology search for novel acetyltransferases. Here, we show that the putative tumour suppressor protein Fus-2 has homology to the catalytic domain of acetyltransferases. We demonstrate that Fus-2 can acetylate the N-terminus of proteins using a ping-pong mechanism and that it has a speci®city for substrates. Consistent with other N-acetyltransferases, Fus-2 localizes to the cytoplasm, as shown by GFP-tag experiments. Since the Fus-2 gene maps to the chromosomal region 3p21.3, which contains at least one tumour suppressor gene, the N-acetyltransferase functions of Fus-2 may be relevant to its potential role in cancer. Oncogene (2000) 19, 161 ± 163.
Keywords: Fus-2; acetyltransferase; tumour suppressor Proteins in eukaryotic cells are often post-translationally modi®ed. One such modi®cation involves the transfer of acetyl groups from acetyl coA to the Ntermini of proteins by N-acetyltransferase enzymes (NATs). It is believed that as much as 70% of all eukaryotic proteins bear this modi®cation (see Bradshaw et al., 1998 for review) . The exact role of the addition of acetyl groups to the N-termini of proteins is unclear. N-terminal acetylation increases the stability of some proteins (Johnson et al., 1988) , but not others (Jornvall et al., 1980) . A null mutant in a yeast Nacetyltransferase exhibits a variety of phenotypes, such as failure to enter the Go phase of the cell cycle and derepression of silent mating type loci (Mullen et al., 1989) . Some NATs play a role in catabolic processes, such as the spermidine/spermine N-acetyltransferase (SSAT). There are also histone acetyltransferases (HATs), which catalyse the acetylation of speci®c lysines in histone proteins. This modi®cation is required for the assembly of DNA into nucleosomes and therefore these enzymes are important for transcriptional regulation (see Grunstein, 1997 for review) . Together, these studies indicate that acetyltransferases have a varied and important role in the cell.
Mutations in acetyltransferases have been implicated in the formation of cancer. CBP and MOZ are HATs which are found translocated in acute myeloid leukaemias (AML). Another HAT, p300, is found to be point mutated in gastric and colorectal carcinomas (see Kouzarides, 1999 for review) . Also, polymorphic alleles in the human arylamide N-acetyltransferases, NAT1 and NAT2, have been shown to act as susceptibility factors for lung cancer (Zenser et al., 1996; Cascorbi et al., 1996) .
Deletions of chromosome 3p occur at a high frequency in both small cell lung carcinomas (SCLC) and non-small cell lung cancers (NSCLC) (Kok et al., 1994; Naylor et al., 1987; Whag-Peng et al., 1982) . Allelotyping studies indicate the presence of several distinct 3p regions which harbour recessive oncogenes. One such region is 3p21.3 (Hibi et al., 1992; Brauch et al., 1990 ) and despite analysis of candidate genes within this region, a tumour suppressor gene has not yet been found. The construction of a contig of cosmids covering the 3p21.3 homozygous deletion region has facilitated the discovery and analysis of new putative tumour suppressors in this region. (Wei et al., 1996) . The Fus-2 gene resides in the 3p21.3 deletion.
In this study we domonstrate that Fus-2 is a cytoplasmic N-acetyltransferase. Furthermore, we demonstrate that Fus-2 can covalently bind acetyl CoA to form a reactive intermediate and N-acetylates peptides with the initial sequence methionine-aspartic acid. Together these results indicate that the potential tumour suppressor Fus-2 is a novel sequence speci®c N-acetyltransferase.
Using a computerized sequence screen for mammlian histone acetyltransferase proteins, we found that the human Fus-2 protein has homology to the catalytic domains of both histone acetyltransferases, such as the Tetrahymena HAT A1, and the human N-acetyltransferase SSAT. The alignment in Figure 1 shows that motifs A, B and D, which are characteristic of this family (Neuwald and Landsman, 1997) are conserved in Fus-2.
Having shown that Fus-2 has homology to the enzymatic domain of acetyltransferases, we set out to test whether Fus-2 harboured acetyltransferase activity. The essential dierence between N-acetyltransferases (NATs) and histone acetyltransferases (HATs) is that NATs recognize and modify the very N-terminal sequence of proteins, whilst HATs acetylate speci®c internal lysine residues of histone, and non-histone proteins. To establish whether Fus-2 was a HAT we used a variety of substrates known to be acetylated by acetyltransferases. In addition to histones, the mam-malian p300 protein is capable of acetylating the nuclear import factor Rch1 (Importin a) (A Bannister and T Kouzarides unpublished). p300 acetylates Rch1 within the region 10 ± 82, but not a truncation 23 ± 82 ( Figure 2a , lane 2 versus lane 3). This suggests that p300 acetylates Rch1 within the region 10 ± 23, which is indeed the case (A Bannister and T Kouzarides unpublished). Conversely, Fus-2 acetylates the Rch1 peptide from 23 ± 82, but not 10 ± 82 (Figure 2b , lane 3 versus lane 2), which strongly suggests that Fus-2 acetylates proteins based on the most N-terminal amino acids, and is therefore a NAT. Fus-2 does not acetylate histones (Figure 2b lane 4) , in contrast with p300 ( Figure 2a lane 4) .
Whilst conducting the acetylation experiments, described above, we found that Fus-2 became radiolabelled in the acetylation reaction. This labelling was evident after boiling the Fus-2 sample in Laemmli sample buer and SDS-polyacrylamide gel separation Figure 2b , marked by asterisk), suggesting that the binding is covalent. This interaction was proven to be covalent, rather than ionic, because denaturing Fus-2 in 6 M guanidium hydrochloride after incubation with 14 C-acetyl coA did not remove the radiolabel ( Figure   2c , lane 2). Denaturing Fus-2 with 8 M urea also had no eect on acetyl coA binding (data not shown).
The principal substrates for NATs are peptides with N-terminal glycine, alanine, serine or threonine residues (GAST substrates), or peptides with Nterminal methionine residues. N-acetylation only occurs for peptides with an N-terminal methionine, if the second residue is an aspartate, glutamate or asparagine (the DEN subgroup) (see Bradshaw et al., 1998 for review). Table 1 shows the N-terminal amino acids of the substrates tested for acetylation by Fus-2. From this, it is apparent that the substrate speci®city of Fus-2 is consistent with it being a NAT with preference for the DEN subgroup of substrates.
The kinetic mechanism for N-acetylation by NATs is thought to occur by a binary ping-pong process (Zenser et al., 1996) . The ping-pong mechanism involves the formation of a covalent NAT/acetyl coA intermediate, whereby acetyl coA binds to a nucleophile in the enzyme's active site (Wong and Wong, 1983) . Subsequently, the acetyl group is transferred to the substrate by nucleophilic attack. Since Fus-2 had already been shown to be a NAT, we hypothesized that Fus-2 covalently bound acetyl coA to form a reactive intermediate, in accord with the ping-pong model. To test this, Fus-2 was pre-labelled with 14 C-acetyl coA, and then washed free of unbound acetyl coA. Even in the absence of additional free acetyl coA, Fus-2 could still acetylate a target substrate (Figure 3 , lane 2 marked by arrow). This shows that Fus-2 acetylates by a binary mechanism involving a reactive intermediate, which is consistent with a ping-pong mechanism of acetylation. This mechanism is distinct to the proposed kinetics of HATs (Dutnall et al., 1998) , which is thought to involve formation of a ternary complex. p300, consistent with the formation of a ternary complex, does not form a reactive intermediate, as shown by the inability to label histones after the same treatment as Fus-2 (Figure 3, lane 4) . To show that both Fus-2 and p300 maintain activity after radiolabel- Figure 1 Fus-2 has homology to acetyltransferases. Acetyltransferases have been shown to have homology in their enzymatic domains (Neuwald and Landsman, 1997) . These enzymatic domains are characterized by several structural motifs, which include motifs D, A and B. Fus-2 shares homology in these critical motifs with a histone acetyltransferase from Tetrahymena, HAT A1, and the human N-acetyltransferase SSAT (spermine/spermidine acetyltransferase) Figure 2 Fus-2 acetylates speci®c substrates in vitro. (a) p300 substrate speci®city. GST-p300 HAT domain (1096 ± 1721) was puri®ed from bacteria and used in a standard acetylation reaction (Bannister and Kouzarides 1996) with the indicated substrates. Each substrate was produced in and puri®ed from bacteria, and equal amounts of each were incubated in an acetylation assay. The products of the reaction were resolved on a 15% SDSpolyacrylamide gel, transferred to nitrocellulose and exposed to ®lm. The products of the acetylation reaction with p300 alone are shown in lane 1. (b) Fus-2 diers from p300 in substrate speci®city. Reactions were performed as described for (a), except that GST-p300 was replaced by His-Fus-2. The products of the acetylation reaction with Fus-2 alone are shown in lane 1. (c) Fus-2 covalently binds acetyl-coA. Reactions were performed as described for (b), except that, after the reaction, His-Fus-2 was washed in either buer alone (lane 1) or buer containing 6 M guanidine hydrochloride (lane 2), a powerful chaotropic agent. The exposure time is approximately eightfold longer than that shown in (b) 
The ®rst column lists substrates tested for acetylation by Fus-2. The second column denotes, using the single letter amino acid code, the N-terminal amino acids of the tested protein. The third column indicates whether the tested proteins could be acetylated (using protocol denoted for Figure 2a ) by recombinant his-tagged Fus-2 (7 denotes lack of acetylation, + denotes acetylation)
Fus-2 is an N-acetyltransferase P Zegerman et al ling and washing, free 14 C-acetyl coA and substrate were added after the washing step (lanes 5 and 6 respectively).
Finally, we attempted to assess the localization of Fus-2 in the cell, since this will provide an initial guide as to the likely targets of the Fus-2 NAT activity. The Fus-2 gene was tagged to the Green Fluorescent Protein (GFP) and introduced into 293T cells. Figure  4 shows that Fus-2-GFP is predominantly cytoplasmic. Addition of the nuclear export inhibitor, leptomycin-B, had no eect on the localization of Fus-2, suggesting that Fus-2 was not actively exported from the nucleus (data not shown). The cytoplasmic localization of Fus-2 is consistent with the site of action of characterized NATs.
In summary we have characterized the putative tumour suppressor protein Fus-2 and shown it to be a cytoplasmic N-acetyltransferase. Since N-acetyltransferases are important cellular enzymes, functionally linked to susceptibility to cancer, the work described here raises the possibility that the N-acetyltransferase activity of Fus-2 may have a role in cancer. Figure 3 Fus-2 acetylates via a ping-pong mechanism. Reactions were performed as described for Figure 2a except that after incubation, unbound acetyl-coA was removed by extensive washes with buer. The radiolabelled Fus-2 was then incubated alone or with His-tagged Rch-1 (23 ± 82). When Rch-1 (23 ± 82) is added, in the absence free acetyl-coA, it becomes radiolabelled (marked by arrow, lane 2). p300 is also labelled after incubation with acetylcoA, but when histone substrate is added after washing they are not acetylated (lane 3 versus lane 4). Both Fus-2 and p300 maintain activity after radiolabelling and washing, as shown by the addition of free 14 C-acetyl-coA, plus substrate after the washing step (lanes 5 and 6 respectively) Figure 4 Fus-2 is predominantly cytoplasmic. 293T cells were transiently transfected with 10 mg of C-terminally GFP tagged Fus-2 mammalian expression plasmid. Forty-eight hours after transfection, cells were ®xed in formaldehyde and mounted with Vectashield mounting medium. GFP alone is distributed evenly throughout the cell (data not shown)
